Optical thermometry has attracted many studies for non-contact high-resolution real-time temperature sensing. Most promising approaches are based on the ratio of up-converted luminescence intensities of two thermally coupled excited states. Here, we proposed a new strategy utilizing the temperature dependence of the anti-Stokes luminescence by exciting a thermally populated low-lying state to the excited state. Our scheme not only retains the advantage of previous approaches in reducing noise from the Stokes-type stray light, but also has the advantage of high quantum yield as a result of a one-photon excitation process. ,Ho 3+ can be a promising candidate to achieve accurate optical temperature sensing with a high sensitivity, and the mechanism proposed can be used to develop better optical thermometry.
Introduction
Non-contact optical temperature sensors have been attracting extensive attention because of their wide applications as molecular probes and nano-thermometry. [1] [2] [3] [4] Some schemes based on spectral shi, emission bandwidth, absolute intensity, uorescence lifetime, as well as uorescence intensity ratio (FIR), have been widely explored. [5] [6] [7] [8] [9] Among these aspects, FIR of two thermally-coupled energy levels (TCELs) based on upconversion (UC) luminescence is adopted frequently.
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Compared to conventional down-conversion luminescence, UC luminescence can effectively reduce the interference of Stokestype stray scattering light from sensors and their environment. However, the uorescence quantum yield of UC luminescence tends to be very low (usually much less than 1% under weak excitation intensity), which means that, to obtain good signal to noise ratio, one has to drastically enhance the laser power, but this oen causes heating of the sensor. Besides, the common FIR technique is based on the assumption of transient thermoequilibrium between the two TCELs, which may break down at low temperature when the nonradiative relaxation between the two TCELs is not fast enough, i.e., loss of thermal coupling.
Under the premise of retaining the advantage of UC luminescence and aiming to effectively prompt the uorescence quantum yield, we consider an alternative mechanism to achieve luminescence temperature sensing. In this work, as the temperature-detection region in our case ranges from room temperature to high temperature (above 700 K), the tetragonal phase yttrium phosphate YPO 4 with xenotime structure was chosen as the host material when given its good physical and chemical stability at high temperature.
14 Meanwhile, rare-earth ions with TCELs were widely investigated to achieve FIR sensing based on UC luminescence, such as Nd 3+ 
Materials characterization
The as-prepared phosphors were characterized by an X-ray diffractometer (MAC Science Co., Ltd., MXP18AHF, Tokyo, Japan) using nickel-ltered Cu Ka radiation (l ¼ 0.15418 nm), with the accelerating voltage and tube current being 40.0 kV and 100.0 mA, respectively. The photoluminescence excitation (PLE) and emission (PL) spectra were measured by a double monochromator (Model Jobin-Yvon HRD-1) equipped with a Hamamatsu R928 photomultiplier. The excitation source was a tunable laser system (Opolette 355 LD system) which has a laser linewidth of 4-7 cm À1 and a pulse duration of 7 ns. The detected signal was analyzed by an EG&G 7265 DSP Lock-in Amplier and the decay curves were recorded with a Tektronix TDS2024 digital storage oscilloscope (US Patents, Shanghai, China).
Results and discussion

Phase characterization
The crystal structure was identied by the XRD patterns in Fig. 1 . As shown, all diffraction peaks of the sample t well with the standard JCPD 74-2479, and no additional peaks are found, indicating no impurity was introduced in our samples. The schematic diagram of the mechanism for temperature sensing is depicted in Fig. 3 , which is estimated to be 2100 cm À1 from the emission spectrum. Fig. 5 presents the logarithmic integrated uorescence intensity in response to the inverse of temperature. An obvious deviation from the calculated energy gap can be explicitly observed. This is due to the fact that apart from the variation of population of 7 F 5 of Tb 3+ , some other factors such as variations with temperature of absorption efficiency and luminescent quantum efficiency need to be taken into account. The obvious deviation is mainly linked to the variation of excitation efficiency at various temperature. Fig. 6 shows the PLE spectra at various temperature. The inset presents that the peak position of PLE spectrum witnesses a slight red-shi (about 2Å) as temperature increases. Due to the sharp spectral shape in PLE spectra, the proportion of 543.9 nm in the whole excitation range can be largely inuenced by the shi of temperature-dependent excitation peaks, leading to the declining excitation efficiency contributing to the 5 D 4 -7 F 6 emission of Tb 3+ .
Room-temperature luminescence properties
In addition, the decay curves depending on temperature is given in Fig. 7 
I(t) ¼
where I is the luminescence intensity, A and B are constants, t is the time, s 1 and s 2 are the decay time for the two exponential components, respectively. The result shows that the uores-cence decay curve consists of fast and slow decay components, which may due to the different doping concentration distribution in our sample. 23 The average lifetime can be calculated by the following formula:
The calculated average lifetime is obtained to be $2.40 ms at the temperature of 310-760 K.
It can be concluded from Fig. 6 that, more dramatic variation of the emission of Tb 3+ which contributes to larger FIR value will be obtained if we adjust the excitation wavelength from 543.9 nm to 544.1 nm. Under 544.1 nm excitation, the emission spectra ranging from 470.0 to 510.0 nm and 630 to 670 nm were measured at various temperatures ranging from 310 K to 760 K corresponding to 5 ).
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To effectively reduce the effect of noise and avoid the overlap of emission between Tb 3+ and Ho 3+ , we choose the integrated area of a certain range within 486.0-496.0 nm of Tb 3+ and 657.0-661.0 nm of Ho 3+ rather than a whole range. The integrated uorescence intensity from these two ranges were calculated to quantitatively depict the temperature-dependent variation, and the FIR between Tb 3+ and Ho 3+ depending on temperature is presented in Fig. 9 . To better understand the temperature sensing performance, it is of great signicance to investigate the sensing sensitivity for an optical thermometer. The relative sensitivity S R is a key parameter to evaluate the Fig. 6 The PLE spectra monitored at 488.0 nm at various temperature. The Inset shows the shift of peak position with increasing temperature. . Fig. 9 The blue solid rectangles present ln(R) in response to the temperature. The red dashed line is the polynomial fitting curve, which just describe the variation tendency of the data.
property of the sensors, which is dened as the relative change of the FIR (denoted as R) in response to the variation of temperature, which can be obtained by the following equation:
Fig . 9 shows the relationship of ln(R) and S R in response to the temperature T. As many factors have to be considered in our case, the variation of FIR cannot be quantitatively described by a simple model, so the data was dealt with polynomial tting just to present the variation tendency of ln(R) in response to T.
According to formula (4), the corresponding relative sensitivity for our sample is given within the temperature range of 310-700 K, which is displayed in Fig. 8 as well. The result of polynomial tting shows the S R can be described approximately with
The calculated S R value reaches around 2.60% K À1 at T ¼ 300 K. Several typical temperature sensors based on FIR technique and their relative sensitivity were displayed in Table 1 . Compared with other previously reported rare-earth ions doped temperature sensors, the sensitivity of our sample is much higher, especially at room temperature. [15] [16] [17] [18] [19] [20] 25, 26 
Conclusion
We proposed a scheme for optical temperature sensing and implemented it with the material YPO 4 :3.2%Tb 3+ ,0.8%Ho
3+
. In our sample, the relative sensitivity S R can reach the value of 2.60% at 300 K, which is superior to many other common temperature sensing materials, which indicates that YPO 4 Table 1 Compared with other previously reported rare-earth ions doped temperature sensors, the sensitivity of our sample is much higher, especially at room temperature. [15] [16] [17] [18] [19] [20] 25, 26 
